Zika virus (ZIKV) is a mosquito-borne flavivirus that has recently been responsible for a serious outbreak of disease in South and Central America. Infection with ZIKV has been associated with severe neurological symptoms and the development of microcephaly in unborn fetuses. Many of the regions involved in the current outbreak are known to be endemic for another flavivirus, dengue virus (DENV), which indicates that a large percentage of the population may have pre-existing DENV immunity. Thus, it is vital to investigate what impact pre-existing DENV immunity has on ZIKV infection. Here, we use primary human myeloid cells as a model for ZIKV enhancement in the presence of DENV antibodies. We show that sera containing DENV antibodies from individuals living in a DENV-endemic area are able to enhance ZIKV infection in a human macrophage-derived cell line and primary human macrophages. We also demonstrate altered pro-inflammatory cytokine production in macrophages with enhanced ZIKV infection. Our study indicates an important role for pre-existing DENV immunity on ZIKV infection in primary human immune cells and establishes a relevant in vitro model to study ZIKV antibody-dependent enhancement.
INTRODUCTION
Zika virus (ZIKV) is a rapidly emerging flavivirus that is spread primarily by the mosquito vector Aedes aegypti [1] . ZIKV can also be transmitted by Aedes albopictus, and this species is more widely distributed throughout the USA [2] , though it is unclear at this time what impact ZIKV will have in the USA. Zika fever is similar to dengue fever, caused by dengue virus (DENV). Infection is characterized by mild headache, maculopapular rash, fever, malaise, conjunctivitis and joint pain [3] . There are no targeted therapeutics or prophylactic drugs, and treatment is generally palliative. No complications of Zika fever have been described until the recent outbreak that is currently spreading throughout the Western Hemisphere [4] . The current ZIKV outbreak in South America has been associated with a 20-fold increase in the rate of babies born with microcephalya neurodevelopmental disorder that is defined as a head circumference more than two standard deviations below the mean for age and sex [4, 5] . Newborns with microcephaly typically have significant neurological defects and seizures, and the degree of intellectual and functional disability is highly variable [6] . In addition, recent evidence also points to viral infection in the brain and a link between ZIKV infection and the development of Guillain-Barr e syndrome [7] [8] [9] .
The mosquito-borne flaviviruses, DENV1-4, yellow fever and West Nile, are important human pathogens in tropical American countries. The products of the adaptive immune response to a single DENV infection have been shown to both be protective and pathologic for a subsequent DENV infection [10, 11] . This increased disease severity has been related to antibody-enhanced infection of DENV in Fcreceptor bearing target host cells. Epidemiological studies suggest that antibodies to each of the four DENV and to Japanese encephalitis are capable of enhancing DENV infections. This phenomenon has been studied extensively in vitro and modelled in mice [12] [13] [14] [15] . It has been previously shown that ZIKV infection can be enhanced by flaviviral antibodies in a mouse macrophage-derived cell line, P388D IP: 54.70. 40.11 On: Fri, 21 Dec 2018 17:03:42 [10] . In addition, it was recently shown that DENV antibodies can enhance ZIKV in human cell lines and that ZIKV antibodies can enhance DENV infection in vitro [16] [17] [18] . Of note, is that the current ZIKV outbreak across Central and South America is in regions known to be endemic for DENV. This indicates that a large amount of the population likely have DENV antibodies, which may be capable of enhancing ZIKV infection in humans. ZIKV is genetically very close to the DENVs, which means surface proteins on Zika are likely quite similar to surface proteins on DENV, and the structure of the ZIKV envelope was recently shown to be quite similar to DENV [19, 20] . As macrophages are known to be involved in DENV antibody-dependent enhancement (ADE) [21] and it has been shown that ZIKV can infect placental macrophages [22] , it is imperative that we examine DENV-antibody enhancement of ZIKV in primary human myeloid cells.
Here, we investigated the potential for human serum containing DENV antibodies to enhance ZIKV infection in a human macrophage-derived cell line as well as primary human macrophages/myeloid cells. We also evaluated levels of pro-inflammatory cytokine secreted during infection. Together, our findings demonstrate a critical role for dengue antibodies during ZIKV infection of primary human immune cells. These data establish a relevant in vitro model to further study ZIKV ADE and, together with the results of others, provides a warning regarding ZIKV infection in regions endemic for DENV and in administration of a DENV vaccine in areas likely to have a ZIKV epidemic.
RESULTS

Dengue immune sera enhances ZIKV infection of human macrophages
Macrophages are known targets of flavivirus infection and ADE during DENV infection. To investigate whether they play a role in possible ADE during ZIKV infection, we used U937, a macrophage-derived (myeloid) cell line, and isolated primary human macrophages. A schematic of our experimental procedure is shown in Fig. S1 (available in the online Supplementary Material). In our ADE assays, we used human sera from a DENV-endemic region in Colombia, South America, or pooled healthy controls (HC) from the USA ( Table 1) . The sera were classified as serotype confirmed (DENV1-4), or serotype unknown but positive for DENV antibodies (labeled COL1 and COL2) or DENVnaïve (pooled HC). All sera containing DENV antibodies were able to neutralize DENV1-4 and ZIKV in a plaque reduction neutralization-50 assay. For the ADE experiments, ZIKV MR766 was incubated with dilutions of sera ranging from 1 : 10 to 1 : 10 000 and the virus-sera mixtures were then added to cultured macrophage-derived U937 cells. At 48 hours post-infection (p.i.), cells were lysed for RNA isolation. The RNA was used in quantitative real-time polymerase chain reaction (qRT-PCR) analysis to quantify ZIKV infection. We found that sera containing DENV antibodies from most groups enhanced ZIKV infection in U937 cells, at varying levels ( Fig. 1 ).
We next wished to validate the ZIKV ADE seen with DENV sera in primary human macrophage cells. Peripheral blood mononuclear cells (PBMCs) were purified from fresh blood as described in Methods. Human macrophages were isolated as described in Methods and experiments were done on day 6 of isolation. ZIKV MR766 was again incubated with dilutions of human sera ranging from 1 : 10 to 1 : 10 000 and the virus-sera mixtures were then added to cultured primary human macrophages. At 48 hours p.i., cells were lysed for RNA isolation. Supernatants were stored at À80 C for future assays. The RNA was used in qRT-PCR analysis to quantify ZIKV infection. We again found that sera containing DENV antibodies from all groups significantly enhanced ZIKV infection in human macrophages (Figs 2 and S2). In addition, immunofluorescence staining at 24 hours p.i. revealed that a greater number of cells were infected with ZIKV in the presence of DENV-immune sera than with the virus alone ( Fig. S3 ). We next used a ZIKV strain from the recent outbreak associated with Puerto Rico (PRVABC59) in our ADE assay to investigate possible differences between 'African' and 'Asian' strains. Although infection was less robust with PRVABC59 than ZIKV MR766, as is usual for this strain, we saw similar enhancement of ZIKV infection in the presence of DENV-immune sera ( Fig. S4 ).
Infection with ZIKV-dengue antibody immune complexes alters pro-inflammatory cytokine production Altered expression of pro-inflammatory cytokines is a hallmark of ADE during DENV infection of human immune cells such as macrophages [23] . Accordingly, we measured a panel of inflammatory cytokines in the supernatant of our ZIKV-infected primary human macrophages, with and without incubation in the presence of DENV immune sera. The cytokines measured were interleukins IL-2, IL-4, IL-6, IL-8, IFN-gamma, tumor necrosis factor (TNF)-alpha and granulocyte-macrophage colony-stimulating factor (GM-CSF), using a magnetic bead Bioplex kit (Bio-Rad). We found that exposure to at least one dilution of serum containing antibodies recognizing at least one serotype of DENV resulted in an increase of each inflammatory cytokinetested as compared to infection with ZIKV alone (Figs 3, 4 and S5). Exposure to sera containing antibodies to DENV3 had the greatest effect on cytokine production, resulting in an increase of IL-10 from 1.58 to 5.97 pg ml À1 and IFN-gamma from 61.63 to 124.18 pg ml À1 in the presence of a 1 : 1000 dilution of DENV3-antibody sera as compared to infection with ZIKV alone. All sera containing DENV antibodies resulted in increased expression of inflammatory cytokines, which was expected as we saw ZIKV infection enhancement in the presence of these sera.
In summary, our studies have established a model of ADE for ZIKV infection using DENV patient sera and human macrophage cells, and evaluated the impact of ADE during ZIKV infection on pro-inflammatory cytokine production by human macrophages. A graphic illustration of our conclusions is shown in Fig. 5 .
DISCUSSION
This is the first study, to our knowledge, to investigate the potential for ADE of ZIKV by antibodies in dengue patient immune sera in primary human myeloid cells, an ideal model system for the investigation of flaviviral ADE. There has recently been a substantial increase in the association of ZIKV infection with neurological complications and severity of neurological involvement [24, 25] . Very little is currently known about ZIKV infection in primary human immune cells such as monocytes or macrophages, or in nervous system cells such as microglia and neurons. In addition, there is little known about the interactions and effects of ZIKV infection in the presence of pre-existing flavivirus immunity, which is of great importance given the current ZIKV outbreak in dengue-endemic regions of South and Central America and the associated neurological complications. As the current outbreak in the Americas is in a DENV endemic area, the contribution of pre-existing DENV immunity to ZIKV severity and severe neurological involvement needs to be investigated. Several groups have recently published on the ability of DENV antibodies to interact with, bind and/or enhance ZIKV infection [16, 17, 20, [26] [27] [28] . This is the first study to look at the ability of DENV antibodies to enhance ZIKV infection in primary human immune cells. Our results add to the growing body of evidence indicating the importance of pre-existing flavivirus immunity in ZIKV infection and provide data useful for ZIKV treatment and flavivirus vaccine development.
We saw enhancement of ZIKV infection in human macrophages in the presence of sera containing antibodies that recognized each of the four serotypes of DENV. We also saw interesting variation of enhancement between serotypespecific antibodies, with DENV2 and DENV4 patient sera having the most significant enhancement of ZIKV infection in primary macrophages, though more samples need to be tested to conclusively determine a serotype-based difference. For now, we can conclude that antibodies from any DENV serotype are able to enhance ZIKV infection in primary human myeloid cells, which is in agreement with previous studies using DENV patient plasma in the U937 cell line [26] and patient sera in the K562 cell line [29] . If further evidence does support variation in enhancement due to DENV serotype, this could be due to differences/similarities between ZIKV and that serotype. This could also be attributed to the amount of antibody and timing of DENV infection in the individual serum samples or other variables, such as sex or age. Further research must be done in order to fully characterize the ability of various DENV serotype antibodies to bind and enhance ZIKV infection, especially with regards to monotypic or multitypic antibody sera. In recent years, there has been increased epidemic activity and geographic expansion of DENV, with cases occurring in Asia, the Americas, Africa, and Pacific and Mediterranean regions [30] [31] [32] [33] . In addition, there have been recent outbreaks in Texas and Florida where transmission occurred on American soil [34, 35] . Our preliminary results, as well as the results of others [16, 18, 27] , suggest that a ZIKV outbreak in a region where DENV is either endemic or sporadic could result in rapid transmission and more severe cases. These data also indicate that ZIKV transmission and severity in a DENV endemic area may both be increased as compared to a non-endemic region.
Macrophages are known to be primary targets during DENV and other flavivirus infections, have been shown to be readily infected with ZIKV, and are presumed to be major targets during ZIKV infection [22, 36, 37] . In addition, during ADE of DENV, macrophages play a key role in allowing the immune complexes to infect and in the resulting enhancement [21, 38] . Several studies have demonstrated both DENV ADE and altered pro-inflammatory cytokine production, such as of IL-10, during DENV ADE in U937 cells as well as in primary human macrophages [23, [39] [40] [41] . In a study of U937 cells, there was an increase in IL-6, IL-12p70 and TNF-alpha, as well as prostaglandin E2 (PGE2) during DENV ADE as compared to cells that were directly infected [38] . We found that all eight In immune cells, flaviviral ADE is mediated via the Fcgamma receptor uptake of immune complexes. Many neuronal cells also have Fc receptors. In fact, Fc-receptormediated endocytosis and the endosome/autophagosome systems have been previously described in antibody-mediated brain pathology [42] . Recent studies have shown that ADE during DENV infection can upregulate cellular autophagy as a mechanism to suppress the activation of early antiviral responses [43] . Antibody immune complexes have also been identified inside neural lysosomes, suggesting the involvement of the endosome/lysosome pathway in antibody-mediated clearance of immune aggregates [42, 44, 45] . This suggests that the uptake of DENV antibody-viral antigen immune complexes by Fc receptors might be possible in the presence of pre-existing DENV immunity, resulting in ADE during ZIKV infection in Fc-bearing cells such as neural cells. Further research remains to be done on this, especially to examine whether the antibody-opsonized virus can cross the blood-brain barrier. Additionally, DENV uses autophagic machinery for viral replication in certain non-immune cells (i.e. liver) suggesting that the double-membrane autophagosome could be a scaffold for flaviviral RNA replication [46] . It is possible that a similar mechanism could be involved in ZIKV infection and enhancement in neuronal cells.
An important consideration in light of the findings here and from others is the recent approval of the Sanofi Pasteur tetravalent dengue vaccine (Dengvaxia) in several DENV endemic regions. It is unknown what role this vaccine will have on ZIKV infection in those individuals. The vaccine elicits antibodies against four DENV serotypes, which we show here can enhance ZIKV infection in human macrophages. Dengvaxia is recommended by the WHO for limited use in regions that are highly endemic for DENV infection [47] . However, in light of evidence that DENV antibodies can enhance ZIKV infection, more exploratory studies must be done to assess the risk of DENV vaccination for future ZIKV infections, especially with regards to neurological consequences. An important future direction is to characterize the role of pre-existing DENV immunity on ZIKV infection in neuronal cells.
In conclusion, our study establishes a relevant in vitro human primary myeloid/macrophage cell model for ZIKV ADE that can be used to further examine this phenomenon.
Our results demonstrate that previous DENV infection can play an important role in ZIKV infection of human immune cells. We present novel data showing that patient sera containing antibodies against each of the four serotypes of DENV are able to enhance ZIKV infection and alter the production of pro-inflammatory cytokines in primary human macrophages. Overall, our data establish ADE during ZIKV infection in an accepted DENV ADE model. Further studies must be done to validate these results in vivo.
METHODS
Cell line
Cells from the human myelomonocytic cell line U937 (ATCC CRL-1593.2) were grown in RPMI 1640 complete medium with 10 % FBS at 37 C with 5 % CO 2 .
Primary human macrophages
Institutional Review Board (IRB)-exempt approval for the collection of human PBMCs from healthy volunteers was granted by the University of South Carolina IRB in 2015. Briefly, 20 ml of blood was obtained from healthy, anonymized volunteers and processed immediately. Human PBMCs were isolated using Lymphoprep and SepMate (Stemcell Technologies) and stored at À80 C until use. PBMC aliquots were cultured for 1 h at 37 C. After washing, adherent cells were cultured at 37 C in complete medium 10 % RPMI 1640 medium supplemented with 50 ng ml À1 recombinant human macrophage colony stimulation factor (rhM-CSF) to allow differentiation into macrophages. After five days of culture, 1 ml of 50 ng ml À1 rhM-CSF was added to the culture. Macrophages were harvested for experiments on day 6. All blood was tested by ELISA to confirm that flavivirus-naïve cells were used for ZIKV infection experiments.
Human serum samples
Serum samples from a cohort obtained from participants living in Colombia -Norte de Santander, South Americawere included in this study. Collection of samples was approved by IRBs at Universidad de Pamplona (Colombia, South America) and Los Patios Hospital [48] and were provided as unidentified, anonymized samples. Samples were de-identified and investigators had no access to patient information or identifiers. All human sera were carefully tested by ELISA and qRT-PCR to characterize them as DENV-antibody positive (serotype-specific or unspecific) or DENV negative (see Table 1 ). ELISA testing was done using described in Table 1 . Primary isolated human macrophages were infected with either ZIKV alone or the ZIKV-sera mixtures. Fig. 3 . Dengue ADE of ZIKV infection alters levels of pro-inflammatory cytokines released by human macrophages. Human sera containing DENV antibodies, or HC sera, were diluted 1 : 10-1 : 10 000 and incubated with ZIKV. Sera are described in Table 1 . Primary isolated human macrophages were infected with either ZIKV alone or the ZIKV-sera mixtures. Supernatants were collected at 48 hours p.i. and used in a Bio-Plex assay to measure levels of pro-inflammatory cytokines. Data were analysed using Data Pro software and one-way ANOVA was used for statistical analysis. P values are indicated for the most significant variation for each serum category. . Dengue ADE of ZIKV infection alters levels of pro-inflammatory cytokines released by human macrophages. Human sera containing DENV antibodies, or HC sera, were diluted 1 : 10-1 : 10 000 and incubated with ZIKV. Sera are described in Table 1 . Primary isolated human macrophages were infected with either ZIKV alone or the ZIKV-sera mixtures. Supernatants were collected at 48 hours p.i. and used in a Bio-Plex assay to measure levels of pro-inflammatory cytokines. Data were analysed using Data Pro software and one-way ANOVA was used for statistical analysis. P values are indicated for the most significant variation for each serum category. serotype-specific whole virions and human IgG-HRP, and qRT-PCR was done using primers specific to each serotype of DENV. A strong advantage of this serum collection is that all sera were obtained before the recent introduction of ZIKV and all serum samples tested negative for ZIKV by ELISA and qRT-PCR. All sera containing DENV antibodies were able to neutralize DENV1-4 and ZIKV in standard plaque reduction neutralization-50 assays.
ZIKV propagation
ZIKV strain MR766 (BEI Resources, NR-50065) and PRVABC59 (a kind gift of Dr Stephen Higgs, KSU) were used for all infection studies. ZIKV stocks were propagated in C6/36 cells, as is routinely done in our laboratory for all flaviviruses, as previously described [49, 50] . Briefly, the virus was added to cells for infection at a multiplicity of infection (m.o.i.) of 1.0. Cell supernatant was collected when cytopathic effect (c.p.e.) was greater than 80 %, which is typically within 8 days. Supernatant was centrifuged and virus stocks stored at À80 C until use. Virus titres were determined by plaque assay on Vero cells (ATCC).
ZIKV infection and ADE model
The ADE assays were performed as described elsewhere [43] . Briefly, human serum serial dilutions were mixed with each ZIKV isolate and incubated for 1 h at 37 C with 5 % CO 2 to allow the formation of immune complexes. Complexes were added to cells (U937 or human primary macrophages) at a final m.o.i. of 0.1 and incubated for 2 h at 37 C. Cells were washed twice with 1Â Dulbecco's phosphate-buffered saline to remove any remaining virus or immune complexes and incubated with fresh media. Experiments were stopped at time points indicated in figure legends. Gene expression analysis was done on isolated RNA to measure ZIKV infection by qRT-PCR using published probes [51] .
qRT-PCR analysis
Briefly, total RNA from cells was isolated using the RNeasy kit according to the manufacturer's instructions (Qiagen). qRT-PCR was conducted using the QuantiFast SYBR Green RT-PCR kit according to the manufacturer's instructions (Qiagen). We used previously published primers for detection of ZIKV RNA and normalized data to human B2M housekeeping gene [51] .
Immunofluorescence
For staining, cells were fixed in 4 % paraformaldehyde for 20 min at room temperature, washed with PBS(À) and then labelled for infection using 4G2 anti-flavivirus antibody (MAB10216, Millipore) and an appropriate FITC secondary antibody, as indicated in the figure legends. DAPI was used to counterstain. Representative images are shown.
Inflammatory cytokine expression levels
Infected cell culture supernatant was used to quantify the secretion of indicated cytokines using the Magnetic Multiplex Immunoassay Pro-Inflammatory 8-Plex System according to the manufacturer's instructions (M50000007A, Bio-Rad).
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